A titanium alloy, IMI 829 and a superalloy MAR Μ 002 tested under high temperature low cycle fatigue (HTLCF) at the University of Bristol, U.K., were examined for metallographic and fractographic features and the results are shown in this paper. From these observations a new five stage damage development model was developed for the HTLCF of IMI 829 and MAR Μ 002. It was shown that under creep-fatigue test conditions oxidation occurs which contributes to the development of cracks and their propagation for which, in general, no quantitative tool exists that can be accounted in HTLCF life prediction.
INTRODUCTION
When studying metallographic and fractographic features under HTLCF, which is a failure mechanism of engineering components operating at high temperature, it is very important to conduct a failure analysis. Tests under total strain control were performed by Ellison et al. Ill for a superalloy MAR Μ 002, at 750°C, 850°C and 1000°C and for titanium alloy, IMI 829 at 600°C by Plumbridge and Stanley 111. The data have been reported for MAR Μ 002 in /3/ and for IMI 829 in /4/. The metallographic examinations conducted by the authors are summarized in 15,61 for both the materials. This author had access to all the data and metallographic and fractographic samples for both the materials which he examined for other features namely oxidation not reported in detail in /5,6/.
CREEP-FATIGUE BEHAVIOR
The data reported in /3,4/ were in terms of CoffinManson equations. It may be noted that as the test parameters such as strain range, temperature, hold time and others change, the mechanism from transgranular to mixed intergranular-transgranular deformation results. As the deformation mechanism changes to other mechanisms, a bilinearity in the Coffin-Manson behavior occurs. Therefore, extrapolations that are conducted to predict the behavior in a "range" are likely to be under the same mechanisms, such as either by transgranular or by mixed transgranular-intergranular deformation. Hence, different data that are generated under different test conditions cannot be used collectively for extrapolation. Figure 1 shows the Coffin-Manson plot of the data for MAR Μ 002 at different temperatures and Fig. 2 the plot for the IMI 829. The Coffin-Manson equation (1) and its parameters are described below.
where Δε ρ is plastic strain range, A and m are material parameters and Nf is the number of cycles to failure. Under different test conditions Coffin-Manson equations were determined for both MAR Μ 002 and IMI 829 materials that are tabulated in Table 1 .
It is apparent from Figs. 1 and 2 that the failure mechanisms in the case of continuous fatigue, in which no hold is applied in tension and compression, are not the same, as the slope for MAR Μ 002 is different for three test temperatures. There is also a deviation in the slopes of 0/0 behavior with respect to range of plastic 
100

Peak tensile stresses (MPa)
Peak tensile stresses at various plastic strain ranges and hold times.
strains. In the case of IMI 829 it may be possible to assume this behavior as linear; however, other hold time data cannot be used in extrapolation. Figure 4 exhibits the behavior that as the hold times in compression increase, positive mean stresses are being evolved, which in general must degrade fatigue resistance. In the case of tensile and balanced hold cycles, negative mean stresses developed compared from continuous fatigue cycles. However, negative mean stresses developed at much higher inelastic strains. The susceptibility of a material for either tensile or compressive holds which either causes positive mean stresses or negative mean stresses or the enhancement in the inelastic strains depends upon materials. These phenomena result in either tensile or compressive dwell sensitivity. In fig. 4 it has been shown that compressive holds develop positive mean stresses which are more deleterious than negative mean A "scale" interpreted in this study as oxides formed on the specimen surface due to high temperature exposure in all the tests. The "scale" was seen under an optical microscope as a "black irregular band" on the specimen gage surface which contained multiple crack sites. Since quantitative characterization and/or analysis of oxides required advanced capabilities, interpretation of oxidation was made from published sources. The publications which describe the oxidation were also in terms of qualitative interpretations from the evidence of "black bands" for different materials. The crack paths were mainly of the tortuous type dominating in the case of IMI 829 alloy. However, for superalloys, depletion of intermetallic phases (γ') were reported by coffin 111 and other workers /8/ from the metallographic observations. For MAR Μ 002, oxide banding was observed together with γ' depleted regions. At 850°C and 1000°, grain boundary wedge cracking, oxidation and γ' depletion were more prevalent than at 750°C.
Metallographic observations made on the samples from the gage section revealed "oxide scales" on the external surfaces for both materials. Accumulation of oxides resulted in "oxide banding", the shape of which stresses with the increase in the inelastic strain build up per cycle.
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METALLOGRAPHIC INVESTIGATIONS
Samples from the test conditions as set out in Figs. 1 and 3 were examined for metallographic features that was found to depend upon the specimen surface finish. Since each specimen contained surface irregularities where the surface finish changed from point to point, these were reflected on the shape and depth of "oxide band" microscopically shown in photomicrographs Figs. 5-8. A few energy dispersive X-ray analyses were conducted on the crack tip of a IMI 829 sample which revealed the presence of oxygen which in turn implies that titanium, aluminum and silicon oxides formed at that region.
Depending upon oxide band size, surface roughness and loading conditions, localized stress concentrations developed along surface irregularity valleys. From the regions of higher stresses, oxide scale penetrated A threshold temperature was identified /10,11/ for the 2.25Cr-Mo low alloy steel such that only above that temperature oxidation results /12/. When oxidation occurs it accelerates the damage of fatigue and creep independently and in interaction modes. The interactions among creep-fatigue and other processes are in the research stage and not much is known about their mechanisms. The threshold temperature for a 2.25Cr-Mo steel was in a range of 250 -450°C /10,11/ which was 0.2-0.3 times the homologous temperature (Th).
High Temperature Materials and Prot eases
Oxidation was found to accelerate transgranular crack growth under fatigue 191, whereas the same effect with creep cavitation and intergranular cracking occurred when oxidation interacted with creep 191. The contribution of oxidation in accelerating the fatigue and creep damage and in reducing life is not yet established because the complexities involved in three interacting mechanisms are difficult to model. From the metallographic features documented under creep-fatigue for IMI 829 and MAR Μ 002, a model describing various stages of development of damage caused by creep and oxidation is proposed in this investigation. "Damage" is defined as a change in a material state (microstructure) that occurs due to high temperature testing which can be observed under metallographic examination. A change in the microstructure was first observed on the specimen surface when oxide scales formed due to exposure at high temperature. Rate of oxide scale formation was enhanced with the increase in exposure time at high temperature and load for several superalloys /13/. However, the rates of oxide formation change from point to point in time and a combination of rate equations applies where it may be possible that several, e.g., linear, parabolic and cubic, growth rates may prevail. As a result, specimen circumference over the gage length was covered with oxide scales and, away from the specimen external surface, internal changes in the matrix such as by cracking and cavitation 161 were observed in the IMI 829.
DEVELOPMENT OF A DAMAGE MODEL
Following the observations made in the metallographic and fractographic studies a five-stage damage model was developed. The five stages in which damage developed in the cases of MAR Μ 002 and IMI 829 are shown in Fig. 11 , while individual steps are described below.
Stage I:
This describes the formation of oxide scale on the specimen surface because of high temperature exposure. Stress concentration developed at the regions of surface irregularities due to fatigue or stress/strain cycling. Depending upon exposure time and loading, 
Stage Π:
Growth of the oxide bands took place externally as well as in the internal matrix, depending upon the strain concentrations and the diffusion of alloying elements. Since diffusion of alloying elements such as aluminum and titanium in a superalloy resulted in the depletion of Ϋ, oxidation damage was accelerated. Also the external surface irregularities in terms of peaks and valleys with exposure time became filled with products of oxides. When observed internally from the matrix, external peaks transformed into internal valleys and external valleys into internal peaks respectively, as shown in Fig. 11 (Stage I). When the thickness of the oxide scale reached a critical value a layer of material ruptured, as shown in Fig. 11 .
Stage ffl:
The rate of oxide scale formation and subsequent rupture of material layers increased with time and load cycling. Multiple oxide layers formed and ruptured with the increase in time and load cycling.
Stage IV:
The concentration of numerous ruptured material layers resulted in the formation of an oxide spike into the matrix. The process of generation of an oxide spike functioned as a micro-crack by intrusion. Intrusions so generated were of the order of a few microns to several hundred microns (macro-crack) as shown in Figs. 5-8. Multiple intrusions may form, depending upon local material stress/strain conditions and surface irregularities which were present on the specimens.
Stage V:
Fatigue damage by transgranular crack growth was accelerated, as oxides formed and ruptured, resulting in spikes or cracks. The cracks so developed filled with oxides which resharpened the crack tip in every compression half cycle. In the case of IMI 318/14/ and IMI 829 /2-4/, the compression hold times were more deleterious under HTLCF than dwell in the opposite (tension) direction, contributing simultaneously to the formation of oxides and crack tip resharpening. Such behavior, at three strain levels with several compressive dwell periods, is described in Fig. 11 , Stage V(a). For some alloys, a hold in the peak tensile strain direction resulted in the generation of cavities at grain boundary triple points by grain boundary sliding. Cavitation for a low alloy steel lCr-Mo-V /15/ (see batch 4 in /12Γ) and IMI 829 161 were observed and documented in Fig. 11 , Stage V(a).
The MAR Μ 002 experienced grain boundary sliding and intergranular crack propagation under HTLCF in a temperature range of 850-1000°C /1,5/. Depletion of / resulted in wedge type of cracking. Depletion of γ was observed in this investigation along the crack face and internal matrix that dominated the growth of damage in Fig. 11, Stage V(b) .
The development of "oxide banding" and multiple intrusions along the specimen surface, described in damage model (Fig. 11 ), was validated with fracture surface examinations at low magnifications for IMI 829 specimens. Distinct multiple crack sites and sites of oxidation spikes are shown in Figs. 12-13 respectively.
CONCLUDING REMARKS
The two materials investigated in this study showed that high temperature exposure and load cycling caused oxide formation. However, oxide growth rates and its contribution in HTLCF life reduction remains a qualitative subject. Under creep-fatigue, when tests are conducted in air, oxides form. When oxide formation process is very slow the first two stages, namely Stages I and II, describe the damage development. However, with the increase in time and stress/strain cycling, the oxides either crack, inducing intrusion, or adhere with the base metal and fill in the deformation caused by stress/strain cycling.
At some stage it is speculated that effects of oxidation diminish where creep-fatigue deformation occurs. More work needs to be done to investigate quantitatively the role of oxides in the HTLCF life of high temperature materials.
